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CHAPTER 1

INTRODUCTION

1.1 Purpose of Study and Significance
Understanding the microstructure of any starting material is crucial to designing a
treatment plan to enhance its mechanical properties and meet industrial standards. This
includes identification of second phases that may form during deposition. In Inconel 718
(IN718)

observed in

as-build cast and wrought components. Laves, and large quantities of

re detrimental to

the overall strength of the material and require heat treatments above their solvus
temperatures to minimize or eliminate them. These phases are but nanometers in length,
and it is quite difficult to justify identification based on morphology and elemental analysis
alone. Additional information on crystal structure and critical temperatures is necessary to
make an accurate analysis.
Formation of solidification phases is dependent on the temperature gradient and
the available amount of Nb in surrounding regions. Because the material is exposed to nonequilibrium conditions with a variation of cooling rates, these phases may not be evenly
distributed throughout the build. Phases present in one region may not accurately describe
the microstructure in other regions along the build plane and build direction, and
misidentification may lead to designing an inadequate heat treatment plan. This study aims

to identify the initial phases formed in IN718 during SLM rapid solidification and
investigate their distribution within the specimens.

1.2 Background on Additive Manufacturing
Additive Manufacturing (AM), also known as 3D printing and rapid prototyping, is
used for the fabrication of high performance and industrial components using a layer-bylayer deposition of materials [5],[6]. This method is a cost-efficient and time saving
alternative to other subtractive manufacturing processes for low volume, complex parts.
Conventional manufacturing methods usually begin with cast material that can be subjected
to further thermomechanical processing and machined into the desired part, leaving a large
amount of wasted scrap. Because AM does not require as much material to be removed for
a final product, energy consumption and material cost for a part can be reduced.
AM classification can be reduced to several categories: Binder Jetting, Direct Energy
Deposition (DED), Material Extrusion, Material Jetting, Powder Bed Fusion (PBF), Sheet
Lamination, and Vat Photopolymerization as seen in 1.1 These classifications can be
further broken down into distinct technologies using a variety of materials such as metals,
polymers or ceramics. The specimens used in this study were produced using laser-powder
bed fusion (L-PBF). Thus, the thesis will focus on the PBF techniques with details of the
specific process used in this study.

Table 1.1: AM Classifications [5]
AM Category
Binder Jetting
Direct Energy
Deposition

Material Extrusion
Material Jetting
Powder Bed Fusion

Sheet Lamination
Vat Photopolymerization

Technology
Ink-Jetting
S-Print
M-Print
Direct Metal Deposition (DMD)
Laser Deposition
Laser Consolidation
Electron Beam Direct Melting
(EBDM)
Fused Deposition Modeling
Polyject
Ink-Jetting
Thermojet
Selective Laser Sintering (SLS)
Selective Laser Melting (SLM)
Electron Beam Melting (EBM)
Electron Beam Powder Bed Fusion
Ultrasonic Consolidation
Laminated Object Manufacture
Stereolithography
Digital Light Processing

Materials
Metal
Polymer
Ceramic
Metal

Polymer
Photopolymer wax
Metal
Polymer
Ceramic
Hybrids
Metallic
Ceramic
Photopolymer
Ceramic

1.3 Selective Laser Melting
There are various PBF processes available often with trademark names. Recent
efforts to generically classify the processes on the basis of feedstock and heat source are
outlined in ASTM Standard F3055-14a Several of the more prevalent methods are
summarized here to explain their differences. Selective Laser Melting (SLM) is a PBF
technology used to produce geometrically complex components using a computercontrolled heat source that scans the slice part geometry in powder layers that are spread
uniformly on a substrate material[1],[5],[6],[7]. The heat source can be either a laser (L)
or an electron beam (EB). To distinguish the heat sources used in the various PBF

techniques, they are referred to as either L-PBF or EB-PBF. Due to the higher heat input
of the EB, a coarser microstructure is produced due to slower cooling rates. L-PBF is a
much slower process compared to other AM methods shown in Figure 1.1, but it provides
high dimensional precision and fine surface finishes for metals [5],[7].

Figure 1.1: Precision vs Deposition Rate for Metal AM Technologies[8]

Data input for the PBF process starts with a computer aided design (CAD) of the
desired part that is converted into a standard tessellation language (STL) file. This digital
file provides information about the the dimensions and the tolerances required during
processing [5]. The AM equipment software then slices this geometric file into multiple
2D layer paths. A schematic overview of SLM is given in Figure 1.2. Once the first layer
of powder is spread evenly over the substrate material, the laser begins tracing the design

until the end of the path. The build chamber is lowered, and a second layer of powder is
then distributed over the previous layer. The laser again traces the material based on the
design of the corresponding 2D slice. This continues for each additional layer until the part
is complete.

Figure 1.2: Schematic Diagram of AM by SLM [1]

1.4 Effect of Processing Parameters

Melt pool characteristics during processing are dependent on several parameters
that are related as shown in Equation (1.1). The laser energy density (ED), calculated by
the laser power (P), relates to the scanning speed (v), and powder layer (t), and hatch
spacing (h) [9] illustrated in Figure 1.3a. It is the overall energy density, in terms of Joules
per volume, that determines the temperature gradient, depth, and width of the melt pool
[10].
(1.1)

Low energy densities, as a result of low power or rapid scanning speeds, may not
completely melt the powders and subject the as-build material to pores, holes, or even
cracks. Increased laser power correlates with the increased temperature gradient and larger
melt pools [11]. The opposite is reported for an increase in scanning speed that correlates
with a decrease in temperature gradient and smaller melt pools [11],[12]. Faster scanning
speeds may not provide an adequate amount of time for the powders to completely melt.

Figure 1.3: a) Schematic Diagram of Melt Pool Formation [13],b) OM of melt pools [1]
Figure 1.3b shows the stacking of melt pools along the Z build direction. Because
of the re-melting and re-solidifying of material, there is distortion or waviness in the melt
pools due to variations in the melt pool depth and width. Figure 1.4 gives a visual schematic
of simulated melt pool temperature field. The longitudinal length of the melts pool
increases with an increase in scanning speed [12].

Figure 1.4: Simulation of Melt Pool Temperature Field during SLM Process [11]

Cooling rate can be determined using a known solidification growth rate and
temperature gradient using Equation (1.2) [12],[14],
(1.2)
where

is cooling rate, G is temperature gradient, and R is growth rate. These

values have a direct influence on the formation of dendritic growth behavior and elemental
segregation. Dendrites are branch-like crystalline structures that form due to perturbations
at the solid front as the liquid metal cools. As depicted in Figure 1.5 and Figure 1.6, higher
cooling rates result in a finer microstructure compared to lower cooling rates. Therefore,
finer dendrites are typically observed in L-PBF parts compared to cast and wrought
material. A study using Phase field modeling of dendrite growth in SLM IN718 [12]
predicted the temperature gradient and growth rate at different build layers. There were
some noticeable differences in secondary dendritic arm spacing (SDAS) values which were

reported smaller in the initial layers and increased in size later in the build. Layer 2 had a
higher temperature gradient and cooling rate compared to layers 44 and 79. This trend is
consistent with reported experimental studies [7],[15]. Effect of scanning speed on
temperature gradient and growth rate were also predicted. As speeds increased from
200mm/s to 1000mm/s, temperature gradient and growth rate increased. However, from
1000mm/s to 1500mm/s these values decreased slightly. Simulated results agree with
former experimental results [16],[17].

Figure 1.5: Effect of temperature gradient and growth rate on dendrite formation[14]

Figure 1.6: Solidification map for as-cast IN718 alloy [16]

CHAPTER 2

LITERATURE REVIEW

2.1 Overview of IN718
IN718 is used in aerospace applications that require retention of strength and
corrosion resistance at elevated temperatures [2],[18]. These applications typically require
low volume production of complex geometries often with internal features.

IN718

components can either be produced by casting, powder metallurgy sintering, or as wrought
materials obtained by thermomechanical processing of either cast or sintered preforms. To
meet the stringent requirements for aerospace applications, subsequent hot rolling or
forging is often used to achieve the necessary homogenization and grain refinement. Due
to the sluggish kinetics [2],[19], the resulting components can be readily fusion welded to
produce complex assemblies. Further cost reductions in producing IN718 components
consider the use of AM to directly build complex assemblies in one process and eliminate
subsequent joining operations. Since IN718 components can be produced using powder
metallurgy, powders are readily available for use in AM processes.
The phases that form in IN718 are summarized in Table 2.1 and form during either
solidification or subsequent aging heat treatments. Of special note is the incorporation of
Nb in the chemical formula of all phases.

Equilibrium phases that form during

solidification include the Laves, carbides, and . The

and

during subsequent aging heat treatments. The high temperature operation of IN718 is
limited by the overaging of

which then forms the equilibrium phase at extended times

in excess of 650 °C [3],[4],[20]. Important to identification of the phases is the elemental
composition,

or

chemical

formula,

as

well

as

the

crystal

structure.

Table 2.1: Phase Composition and Structure [1],[2],[3],[4].
Phase

Carbide
Laves

Crystal
Structure
FCC
FCC (LI2)
BCT (DO22)
Orthorhombic
(DOa)
Cubic
HCP (TCP)

Chemical Formula
Ni
Ni3(Al,Ti,Nb)
Ni3Nb
Ni3(Nb,Ti)
(Nb,Ti)C
(Ni,Cr,Fe)2(Nb,Mo,Ti)

Volume
Fraction
Bal
4%
16%
5%

Nb Content
wt.%
<4%
4%
6-8%
10-12%

The crystal structure, illustrated in Figure 2.1 and summarized in Table 2.2, defines
the 3-dimensional, repeating arrangement of atoms. The first letter, denoted in the uppercase form, describes the Bravais lattice notations. The 14 Bravais lattices are derived from
the 7 crystal structures having either a primitive (P), body centered (I), face centered (F),
base centered (C), Primitive rhombohedral (R) arrangement of atoms [21]. The following
letters

2.2, symbolizes the
while letters a, b, and c,

represent axial glide planes. As noted in Table 2.2, the crystallographic structure of many
of the phase in IN718 are slight modifications of the FCC structure that makes
identification difficult.

Figure 2.1: 14 Bravais Lattices Notations [21]

Table 2.2: Phase Spatial Grouping
Phase
Ni
Fe2Nb
Ni3
Ni3
Ni3
NbC

Space Group
Fm-3m [225]
P63/mmc [194]
Pnmm [59]
I4/mmm [139]
Pm-3m [221]
Fm-3m [225]

2.2 Solidification Behavior
The optimization of heat treatment schedules for IN718 depend on the
modifications to the resulting solidified, consolidated or wrought microstructures
[22],[23],[24],[25],[26],[27],[28].

During the slow cooling in cast components,

detrimental solidification phases can form in the dendritic cores along with shrinkage voids

in the matrix [22],[29] Heat treatment of castings has thus focused on hot isostatic pressing
(HIP) to reduce the void content followed by homogenizing the resulting matrix to alleviate
elemental segregation. By understanding the phase formation during solidification, critical
temperatures for homogenizing were developed so that subsequent aging treatments would
be effective. Time-temperature-transformation (TTT) diagram, shown in Figure 2.2,
guided the use of rapid cooling to reduce or eliminate the Laves phase formation
[19],[29],[30].

Figure 2.2: TTT diagram for cast Inconel 718 [19]

Typical understanding of the critical temperatures during the equilibrium
solidification sequence is given in reactions 1 through 4 in which carbon (C) is first
depleted from the liquid leaving Nb to form the subsequent phases:

Liquid

arting at 1360 °C

[1]

Liquid

[2]

Liquid

[3]

Liquid

formation between 1105 to 815 °C

[4]

In development of materials for wrought processing, the subsequent hot working of
the material breaks up the solidification phases. Of special note is the elimination of Laves
phase from the TTT diagrams developed for wrought alloys [31],[32] shown in Figure 2.3
as compared with Figure 2.2.

Figure 2.3: TTT diagram for wrought Inconel 718 [29]
Heat treatments for wrought materials start with a solutionizing heat treatment
followed by a rapid quench. Times and temperatures were developed to balance the critical
amount of

phase along grain boundaries to inhibit grain growth with that required to

release Nb for the formation of the

/

phases to maximize strengthening. A two-step

aging heat treatment incorporates the remaining Nb to form the

of 718 to 760 °C, and the

621°C to 649 °C

[4],[27],[31]. This has resulted in customized heat treatments for wrought materials
depending on the operational requirements of either high strength or fatigue resistance.
Separate heat treatments are designed either below the solvus temperature for high tensile
and fatigue strength [33] or above the

solvus temperature for optimum ductility and

impact resistance [34]. Rapid quenching techniques, such as water cooling, are used to stop
the precipitation process avoiding any coarsening of the strengthening precipitates. The
continuous cooling chart (CCC) seen in Figure 2.4 is an example of predicting phase
formation with various cooling times. The initial temperature is based on the typical
temperatures for homogenization treatments.

Figure 2.4: Continuous Cooling Chart (CCC) of cast IN718 [35]

While various studies are reported in the literature for the heat treatment of L-PBF
of IN718 specimens, there are often conflicting observations. Identification of phases is
typically presented based on morphological similarities to phases in either cast or wrought
materials [36],[37],[38],[39]. As many of the phases are submicron in AM L-PBF,
difficulties are encountered in obtaining the crystallographic information needed for phase
identification in combination with the chemical formulation. In general, as the IN718
solidifies, the indentritic regions are reported to be enriched with Nb, Mo, and Ti [1],[36]
,[40]. Since Laves has a slightly higher Nb concentration of 10-12 wt.%, as noted in Table
2, regions of enriched Nb are often labeled as Laves [41],[42]. Due to the high temperature
stability of the Laves phase, the Laves phase is often reported to be difficult to solutionize
once formed [22],[42].

2.3 Variation of Cooling Rate along Build Height
Literature on non-homogeneous distribution of minor phases is limited for L-PBF
IN718 however, several reported studies show microstructural changes along the build
direction due to a variation of cooling rates [7],[43]. In these studies, specimens were
sectioned off at multiple locations (bottom, middle, and top) and observed using OM and
SEM images. Columnar structure width was recorded smallest in the section of the
specimen near the build plate. This finer structure is a result of higher cooling rates due to
heat dissipating from the bottom layers to the substrate. Similarly, columnar structure
widths were also observed to be smaller at the top of the specimen with heat being released
into the surrounding environment. The area with the largest columnar structure width was
located at the upper-middle section of the specimen which has been determined to have the

lowest cooling rate along the build. Presence of Laves phase was stated to be greater in
areas with lowest cooling rate, however, quantification and evidence were not given.
Non-homogenous distribution of Laves has been studied in EB-PBF IN718 as a
function of build height [44]. Laves phase was not observed at the top section of specimens.
The largest percentage of Laves phase peaked at 2.3 wt.%

surface and

gradually decreased to 0% at the bottom surface. While EBM has higher heat input and
relatively slower cooling rate than SLM, this study gives some indication of the nonhomogeneity in AM specimens.

2.4 Heat Treatments
The various heat treatments developed for wrought and cast materials are
summarized in Table 2.3 and 2.4, respectively [33],[45],[34]. Without a standard for heat
treatment tailored for AM materials, the heat treatment applied is generally a combination
of those previously developed for wrought and cast components. Since AM can result in
residual stresses in the component due to temperature gradients, an initial stress relief cycle
(SR) is usually incorporated to prevent warpage and cracking in the as-built part.
Borrowing from processing of cast components, HIP processing is used to reduce the void
content.

Homogenization (homo) heat treatments are used to reduce the elemental

segregation and are conducted at a temperature high enough to reduce the time, while
staying below the 1160 ° Laves liquation temperature. ST heat treatments along with a
rapid quench (Q)

along

grain boundaries [31],[46],[47],[48],[49]. Following ST + Q, aging treatments are used to
promote th

in an approximate 3:1 ratio

[3],[50],[51],[52]. The ratio of (Al+Ti) to Nb in the matrix is influential to the precipitation
sequence and volume fraction of

. Formation of

higher at values >0.8. Formation of
(Al+Ti) [3]. Some studies suggest
than 700°

is preferred when this ratio is

is preferred with higher levels of Nb compared to
precipitation precedes

[3],[4],

at aging temperatures lower

greater than 700°
[3],[4],[40],[50],[51],[52],[53],[54]

As the

phase is the thermodynamic equilibrium phase for the metastable
temperature will result in
of the mechanical properties. [4],[20].

thereby increasing is content at the determent

Table 2.3: Summary of Reported Heat Treatment Temperatures for Wrought
IN718
AMS
Standard

Purpose of HT

Temperature

Time

Cooling
Rate

AMS 5663M
AMS 2774E
[33], [45]

Solution
Treatment

941 °C to
1010°C + 14°C

Air cool or
faster

Precipitation
Treatment 1

718 °C to 760°C
+ 8°C

Holding time
based on crosssectional
thickness
8h

Precipitation
Treatment 2

621 °C to 649°C
+ 8°C

8h

Air cool

Solution
Treatment

1066°C + 14°C
But no lower
than
1038°C
760°C + 8°C

Holding time
based on crosssectional
thickness
10h

Air cool or
faster

649°C + 8°C

Hold until total
precipitation
treatment
reaches 20h

AMS 5664E
AMS 2774E
[45],[34]

Precipitation
Treatment 1
Precipitation
Treatment 2

Furnace
cooled at
rate of
56°C + 8 °C
until
621 °C to
649°C + 8°C

Furnace
cooled to
649°C+ 8°C
Air cool

Table 2.4: Summary of Reported Heat Treatment Temperatures for Cast IN718
AMS 5383F
[55]

Homogenization

1093°C + 14°C

1h to 2h

Solution
Treatment
Precipitation
Treatment 1

954°C to 982°C

Hold for no less
than 1h
8 hours (-0 + 30
min)

Precipitation
Treatment 2

621 + 8°C

718+ 8°C

8 hours (-0 + 30
min)

Air cool or
faster to
482°C, any
rate may be
used below
482°C
Air cool or
faster
Furnace cool
to 621 + 8°C
at rate of
55+ 8°C an
hour
Air cool

2.5 IN718 Welds
is
considered to be fusion weldable. Figure 2.5 provides a schematic visualization of gas
tungsten arc welding (GTAW) that is commonly used for IN718. While the solidification
of molten metal is similar to that in AM, IN718 fusion welds are not considered in this
study due to chemistry modifications of the filler rod used. This composition is often
different than that of the parent material and may influence microstructural development
and properties.

Figure 2.5: Gas Tungsten Arc Welding (GTAW) Visualization[56]
Relevant to the AM process are common defects such as spatter, liquation cracking,
or porosity that may occur during solidification [57],[58]. Micro fissures may also be the
result of pre-

Source

power of up to 10-12kW is required to be able to penetrate thicknesses millimeters in
length. High welding speeds from 1-5 m/min, are used to lower heat input. The higher
cooling rates, from 2500K/s to 10,000K/s, are similar to those in AM and result in
segregation of alloying elements such as Nb, Mo, and Ti in fine interdendritic regions.
Secondary dendritic arm spacing (SDAS) is dependent on the cooling rate and scanning
speeds during processing.

2.6 Detectability Limitations
Understanding instrument limitations and sensitivity is important when gathering
and interpreting data.

ability to reliably distinguish a signal from

background noise gives insight into the minimal phase volume fraction that can be
detected. This is referred to as its Limit of Detection (LOD)[59]. This value is not to be
confused with the Limit of Quantification (LOQ) which is the minimum concentration that
can be exactly quantified. The LOQ can be as low as the LOD or higher. The LOD and
LOQ are dependent on the element

Z number, absorption, phase crystal structure, and

operating conditions of the instrumentation [60]. Generalized ranges of LOD or discussion
of limitations is given for each procedure considered for this study.
SEM imaging is used on bulk samples that are metallurgically prepared. Elemental
and crystal structure can be obtained in a SEM using various detectors. A energy dispersive
spectrometer (EDS) is commonly used to qualitatively identifies elements with Z value >
5 and provides a LOD range of 0.001-0.003% mass fraction [60] or 0.1wt.%[61].
Complimentary electron beam backscatter detectors (EBSD) are used to obtain
crystallographic information. Conventional EBSD has a spatial resolution of 20-50nm
[71],[72]. Transmission Kikuchi Diffraction (TKD), also known as transmission electron
backscatter diffraction (t-EBSD) can be performed on a thin TEM lamellar for the mapping
ultra-fine grains and particles. Since TKD specimens are thin enough for electron
transparency, particles can be isolated and diffraction data collected [73]. Many studies
have conducted investigations into improving spatial resolution and discussed the
microscopic parameters that may affect it [71],[73],[74],[75]. Reported spatial resolutions
for TKD analyses have been reported to be 5-10nm in some cases, or even as low as 2-3nm
in others [74]. Factors such as accelerating voltage, working distance, and tilt angle may
increase or decrease the distinction of the Kikuchi bands that correspond to the crystal
structure. An accelerating voltage of 30kV is often used to maximize penetration and

increase the amount of interaction volume. Working distance is defined as the distance
from the electron source to the specimen. Short working distances, in the range of 5nm
10nm is encouraged with the sample located level or slightly above the top plane of the
EBSD detector. Title angles that are more commonly used fall in the range of 0 to 20 deg
away from the detector. Higher angles can increase the amount of beam broadening and
increase spatial resolution values[71].
Limitations on EDS, EBSD, and TKD for detection of minor phases depend on how
the electron beam interacts with the bulk specimen and the signals emitted depend on the
beam conditions and the interaction volume. Thus, there are limitations to the spatial
resolution due to difficulties in obtaining a signal only from small features of interest.
Further limits in analysis are determined by the counting time, accelerating voltage, beam
current, elemental absorption and composition. [61] Calculating the detection limit for
standard EDS analysis can be determined using the equation x and requires the use of
standards:

(2.1)
Where m is the counts per second, Rb is the background count rate, and Tb is the time on
background. Most commonly, SEM-EDS is used as a qualitative analysis of elemental
composition where calibrations are not performed.
Differential Thermal Analysis (DTA) is performed on a small, representative
sample of approximately 10 mg and is highly sensitive to detecting phase transformations.
Phase transformations can either absorb heat in an endothermic reaction, or release heat in
an exothermic reaction. The DTA method measures the heat flow of a bulk material

compared to a reference material over a continuous temperature spectrum [62]. can be used
to detect endothermic equilibrium transformations such as liquidation and localized
melting that may occur with dissolution of phases at higher temperatures. The same is true
for exothermic transformations such as solidification. The detection of solid to solid
transformation is dependent on transformation kinetics and heating or cooling
rates[63],[64]. Not all phase transformations are detectable due either to a low volume
fraction, or sluggish kinetics in which the data sampling rate is too high to capture the
event.
XRD is another bulk technique used to analyze the crystal structure of a material.
It is complimentary with the use of SEM-EDS as both the chemistry and crystal structure
are necessary to properly identify phases. Levels of reflective intensities measured during
XRD are dependent on the volume fraction of the phases present. Conventional XRD
detection limit for nanoparticles is reported to be in the range of 2-2.5nm [65],[66],[67]. In
terms of volume fractions, particles that have a concentration less than 1-4wt% will not be
detected during scans[68],[69],[70].

CHAPTER 3

EXPERIMENTAL PROCEDURES

3.1

Starting Material and Building Process Parameters
IN718 powders used in this study were argon atomized MicroMelt 718 AM

powders from Carpenter Powder Products. The elemental compositions according to
ASTM Standard B670 is provided in Table 3.1 along with a summary of the actual
measured values for the powders and bulk material. Heavier elements were determined
using ICP Plasma Emission Spectrographic according to ASTM Standard B637-12.
Oxygen, nitrogen and carbon content were determined using combustion techniques in
accordance with ASTM standard E1019. Both the powders and the resulting AM material
were analyzed to ensure no loss of alloying elements and to monitor for possible
contaminants.

Table 3.1: Elemental Composition wt.%
Element

ASTM Standard
B670-07

Powder
Measured

Bulk Material
Measured

Ni

50.0
55.0
17.0
21.0
Bal

50.70

Bal

18.20

21.8

Bal

21.0

5.08

6.01

3.15

3.45

0.84

1.02

0.07

1.38

0.47

0.63

0.02

0.02

0.04

0.06

0.01

0.02

0.04

0.04

O

4.75
5.50
2.80
3.30
0.65
1.15
--1.00
0.20
0.80
--0.35
--0.35
--0.30
--0.08
---

0.02

0.03

N

---

---

0.01

Cr
Fe
Nb+Ta
Mo
Ti
Co
Al
Mn
Si
Cu
C

The specimens were printed with a Concept Laser M2 with a laser power of 180W,
0.105mm hatch spacing, 30% overlap, 600 mm/s scan speed, and 0.035mm layer thickness.
The scan strategy used 90° alternating layers. The energy density for this process is 95.2
J/mm3.

Cylindrical specimens were printed with a nominal 0.6 cm diameter and a length of
7.6 cm. After printing, the cylinders were removed from the baseplate and machined into
subscale tensile bars whose dimensions are shown in Figure 3.1.
After tension testing, sections were cut from the grip ends and mounted for
metallurgical imaging. Figure 3.2 shows a typical mount with two orientations, build plane
(X-Y) and build direction (Z).

Figure 3.1: Specimen Geometry and Measurements(mm)

Figure 3.2: As-build Specimen Mounted in Black Phenolic

3.2 Differential Thermal Analysis
Differential thermal analysis (DTA) used a SETARAM TAG 24 thermo-balance.
Endothermic and exothermic peaks were measured from the heating and cooling cycles
and interpreted as the critical temperatures corresponding to the dissolution and formation
of phases. During heating, two cycles of DTA data were obtained over the range of 600
°C to 1400 °C

a rate of 20K/min. Two cycles were also obtained during cooling over

the range from 1400 °C to 900 °C at a rate of 10K/min. Accuracy of the temperature
measurements is estimated to be + 5 °C.

.

3.3 X-ray Diffraction
A Seifert 3000 PTS x-ray diffraction (XRD) operated at 40kV and 40mA was used
to analyze the phases present in the build material. Theta-2 theta scans were made using a

Co k source over the range of 35 to 55° and 45 to 95° with a step scan of 0.02 deg for 800
s. The detector was a multi-channel, semiconductor with 50 scans/channel.
A PANalytical Empyrean x-ray diffraction (XRD) with a 1/8 deg divergence slit
and 4mm mask was also used to analyze minor phases in as-build material. Operation
parameters were 40kV and 20mA. Theta-2theta scans were made using a Co k source
over the range of 45 to 55° with a step scan of 0.013 deg for 800s.

3.4 Optical Microscopy
Optical micrographs (OM) were prepared for each specimen in the build plane
(XY) and build direction (Z). The samples were mounted and metallographically prepared
using standard practices with a

Al2O3 final polish. All specimens were imaged using

a Zeiss XioVert.A1m Inverted Microscope for Reflected Light Techniques. To reveal the
grain structure in the optical images, the specimens were etched with waterless Kallings.

3.5 Scanning Electron Microscopy /Energy Dispersive Spectroscopy
As polished specimens were imaged using a field emission LEO 1530VP field
emission (FEG) scanning electron microscope (SEM).

Elemental information was

obtained using an Oxford energy dispersive spectrometer (EDS).

3.6 Transmission Electron Microscopy/Transmission Kikuchi Diffraction
Lamellae were prepared from the polished samples using standard thinning
electropolishing procedures. After preparation, the specimens were imaged in a FEI
Versa 3D FEG SEM operated at 30 keV. A EDAX TSL EBSD detector was used to

verify the elementals and obtain the crystallographic information. A specialized TKD
holder was used with a special shield attached to prevent signals transmitting from the
holder and to isolate only to the specimen. The lamellae was mounted in the holder with
its standard 70° tilt. Once in SEM, it was then tilted to 20° to put the lamellae at 90° to
the EBSD detector.

3.7 Atom Probe Tomography
A TESCAN LYRA FIB-FESEM and FEI Quanta 3D Dual Beam were used to
remove and sharpen several needle specimens for Atomic Probe Tomography (APT).
Average length of needle specimens is 65nm. Table 3.2 and Table 3.3 list Cameca LEAP
5000XS testing parameters as well as measurement times for each experiment. Needle
reconstruction and analysis was performed with Image Visualization Analysis Software
(IVAS) 3.8.4 software.
Table 3.2: Cameca LEAP Testing Parameters
Experiment
No.
3676

Specimen
Temperature
(K)
50

Laser
Power
(nJ)
0.07

Pulse
Frequency
(kHz)
200

Voltage
(V)
8854

Table 3.3: APT Measurement Time and No. of Atoms
Experiment
No.
3676

Measurement
Time (hr.)
10.32

No. of atoms
35085162

Tip
Diameter
(nm)
19.64

CHAPTER 4

RESULTS

4.1 Differential Thermal Analysis
Data from the DTA analysis is shown in Figure 4.1 and Figure 4.2. Heating scans
in Figure 4.1, exhibits endothermic DTA peaks at 1176 °C and 1295 °C corresponding to
the dissolution of Laves and carbides, respectively [30],[76],[77],[78],[79].

The

endothermic peak at 1350°C is associated with the liquidus critical temperature of the Ni
matrix [30],[76],[78],[79]. DTA cooling of as-build specimen shows exothermic peaks at
1340 °C and 1260 °C are associated with the reformation of the matrix and the carbide,
respectively [77]

Figure 4.1: DTA Heating analysis of the as-build specimen

Figure 4.2: DTA Cooling analysis of the as-build specimen

Table 4.1: Summary of DTA during heating (°C)

Table 4.2: Summary of DTA during cooling (°C)

4.2 X-ray Diffraction

The first XRD scan shown in Figure 4.3 was performed at the BAM Federal
Institute for Materials Research and Testing and shows peaks associated with carbide,

the Powder Diffraction Files (PDF) given from the International Centre for Diffraction
Data (ICDD). Each phase consists of different crystallographic structures and spacings that
will diffract incipient x-ray at various degrees. From this range, 2 peaks correspond to the

phases with the Ni peak is possible and is discussed later.

Figure 4.3: BAM XRD scan 35-55° (2Theta)

Table 4.3: XRD scan 35-55° (2 Theta) Summary and Documentation
2Theta (deg)
35.8
41.5
45.8
47.8
51.0
53.4

(Normalized
Intensity) *100
4.2
3.1
4.4
2.6
100
1.7

Phase

hkl

ICDD PDF

Laves
NbC
Laves

(102)
(111)
(103)
(020)
(111)
(211)

04-004-7304
00-038-1364
04-004-7304
00-015-0101
01-004-0850
00-015-0101

Ni

The second scan performed at BAM, seen in Figure 4.4, ranges from 45 to 95 deg
(2Theta). The intensity with the 3 Ni peaks is proportional to the intensities given in the
corresponding ICD

The range for this scan

does not include peaks for MC carbides.

Figure 4.4: BAM XRD scan 45 to 95° (2Theta)

Table 4.4: XRD scan 45-95 deg (2 Theta) Summary and Documentation
2Theta (deg)
45.9
47.9
51.0
53.2
59.4
89.2

(Normalized
Intensity) *100
9.4
8.1
100
7.4
46.8
13.8

Phase

hkl

ICDD PDF

Laves

(103)
(020)
(111)
(211)
(200)
(220)

04-004-7304
00-015-0101
01-004-0850
00-015-0101
01-004-0850
01-004-0850

Ni
Ni
Ni

The third XRD scan was performed at the Combat Capabilities Develoment
Command (CCDC) Aviation and Missile Center, formely known as AMRDEC, seen in
Figure 4.5,
to the 2 peaks that are present in other scans. No Laves phase is detected and the range
selected would not include peaks for MC carbides.

Figure 4.5 CCDC XRD scan 45 to 55° (2Theta)

Table 4.5: CCDC XRD scan 45-95 deg (2 Theta) Summary and Documentation
2Theta (deg)
48.2
51.0
52.3
53.3

(Normalized
Intensity) *100
2.2
100
3.3
1.2

Phase
Ni

hkl

ICDD PDF

(020)
(111)
(012)
(211)

00-015-0101
01-004-0850
00-015-0101
00-015-0101

4.3 Optical Microscopy/Scanning Electron Microscopy

Images obtained using OM and SEM are shown in Figure 4.6 through Figure 4.10,
respectively. OM images of the microstructure of as-build specimen are shown in Figure
4.6 with observed melt pool traces in a basket weave pattern. At higher magnifications, in
Figure 4.7, cellular dendrite formation is apparent. Typically, these dendrites form in the
direction of heat flow, and growth is dependent on the processing parameters. The resulting
overlaps of the melting pools are evident in the columnar structures which grow in the build
direction (Z) while the cellular structures are primarily observed in the build plane (XY)
[49],[80],[81],[82],[83],[84],[85],[86],[87]. Evidence of the basket weave is still apparent
in Figure 4.6a, which becomes less distinct at higher magnifications.

(a)

(b)

Figure 4.6: OM of as-build specimen microstructure a) Build Plane (XY) and b) Build
Direction (Z)

Figure 4.7: SEM images of XY build plane microstructure for as-build specimen at
varying magnifications (a through d)

4.4 Scanning Electron Microscopy/Energy Dispersive Spectroscopy

Figure 4.8 through Figure 4.10 show backscatter diffracted STEM images of
cellular dendrites at various magnifications. Nb enriched regions are seen all along the
grain boundaries, while small white particles can be observed at triple points. Several
bright particles in STEM imaging can be seen within the marked region of interest in
Figure 4.10. Most of the particles are located within the grain boundaries with one
located intragranular.

Figure 4.8: Electropolished as-build TKD specimen

Figure 4.9: Electropolished as-build TKD specimen with scale of 500nm

500 nm
Figure 4.10: STEM imaging with selected EDS region of interest

Figure 4.11 and Figure 4.12 show distribution of elements in the area of interest
using the emission of K shell electrons and L shell electrons, respectively. Small round
particles along grain boundaries are depleted in Cr (Figure 4.11b), Fe (Figure 4.11c), and
Ni (Figure 4.11c). These particles are enriched with Nb and Ti that suggest the presence of
carbides in this region. The large Nb enriched particle shown in Figure 4.11d is not
completely depleted of the other major elements and is possibly a supersaturated region or
other minor phase. In the intragranular region (Figure 4.12a), a large Al enriched particle
suggest presence of alumina. However, further analysis is needed for identification and is
presented in the following section.

Figure 4.11: EDS (K Shell) Elemental Mapping of as-build cellular region (a) Al, (b) Cr,
(c) Fe, (d) Nb (e) Ni, (f) Ti

Figure 4.12: EDS (L Shell) Elemental Mapping of as-build cellular region (a) Cr, (b) Fe,
(c) Nb (d) Ni, (e) Ti

4.5 Transmission Electron Microscopy/ EDS Elemental Scanning

To further explore the Nb rich regions noted in the dendritic core in Figure 4.9d, a
FIB sample was removed from the location shown in Figure 4.13a for TEM imaging. Scans
were made across the regions noted in Figure 4.13b with the corresponding elemental data
in Figure 4.14. The Nb rich regions in the nodal points are in the approximate atomic ratio
of 3:1 for Ni to Nb, consistent with the phase formula of Ni3Nb. These regions were too
small at 40 to 60 nm for diffraction data to be extracted. Most studies on the Laves phase
report an enrichment of Fe as Fe2Nb or have an atomic ratio of 2:1 for Ni to Nb, which is
not observed.

(a)

(b)

Figure 4.13: Location of TEM specimen removal by FIB (a) and TEM image of the Nb
rich core in the cellular structure (b)

(a)

(b)

(c)

Figure 4.14: EDS elemental scans across the regions (a) line 1, (b) line 2,
and (c) line 3

Elemental compositions from spot analysis are shown in Table 4.6 and 4.7. Points
1-3, shown in Figure 4.15(a-c), are located along the grain boundaries and show larger
quantities of Ni, Nb, Fe and Cr. Atomic ratios of Ni to Nb for points 1,2, and 3 are 2.66:1,
3.5:1, and 3.6:1, respectively. These values are similar to the Ni to Nb ratio 3:1 typically
However, it is important to consider another scenario in which
elemental composition may suggest a

eutectic phase. Obtaining these atomic

ratios is more reliable to support existence of these phases.
material show a similar elemental composition with a Ni to Nb ratio and can be as high as
4:1 [88].
Point 4, shown in Figure 4.15d, is located in the intergranular region. Elemental
composition detected by EDS, displayed in Table 4.6 and Table 4.7, shows the particle is
rich in Al and O and depleted of Nb. The atomic ratio of Al to O is approximately 2:3
giving evidence to the presence of alumina (Al2O3) in the specimen. Oxides such as Al2O3

and TiO can cause intergranular fracture and can form from contamination during either
the inert gas atomization [44] or deposition.
Table 4.6: Spot Analysis Elemental Composition (wt.%)
Point
No.
1
2
3
4

Al(K)

Ti(K)

Cr(K)

Fe(K)

Ni(K)

Nb(K)

O(K)

0.34
0.10
0.11
16.34

0.92
1.35
1.03
0.83

15.67
15.91
15.79
12.31

13.93
13.30
13.38
12.83

49.42
48.08
48.41
37.11

19.69
21.52
21.25
1.93

------18.61

Table 4.7: Spot Analysis Elemental Composition (at.%)
Point
No.
1
2
3
4

Al(K)

Ti(K)

Cr(K)

Fe(K)

Ni(K)

Nb(K)

O(K)

0.78
0.24
0.25
20.83

1.17
1.35
1.32
0.59

18.41
18.87
18.71
8.15

15.23
14.70
14.77
7.90

51.43
50.52
50.82
21.75

12.95
14.29
14.10
0.71

------40.03

Figure 4.15: TEM Images for Spot Analysis of (a) Point 1, (b) Point 2, (c) Point
3, (d) Point 4

4.6 Atom Probe Tomography
Reconstruction of the needle reveals segregation of elements across what is
believed to be a grain boundary. In Figure 4.16, A 3D isosurface for Nb at 4.8wt% is shown.
Three regions of interest were created in order to gather elemental composition across the
boundary. Cubes 1 and 2 are located inside and outside the grain boundary, respectively.
A cylinder was positioned normal to the grain/grain boundary interface in order to create
1D concentration profiles for Nb, Mo, and Ti.

Cube 1

Cube 2

End A of
cylinder

End B of
cylinder

Figure 4.16: 3D Isosurface of Nb at 4.88 wt% with regions of interest
Compositions of each cube are listed in Table 4.8. There is a slight decrease in Ni,
Cr, and Fe when transitioning from outside to inside the grain boundary. As expected,
there is an increase in Nb, Mo, and Ti within the grain boundary. This is in agreeance

with 1D concentration profile shown in Figure 4.17 taken across the cylindrical region as
well as the previously shown EDS elemental mapping and line scanning.
Table 4.8: Elemental Composition of Cube 1 and 2 (wt%)

Element

Cube 1 inside
grain boundary

Cube 2 outside
grain boundary

Al
Ni
Si
Ti
Cr
Mn
Fe
Mo
Nb
Co
Cu

0.33
51.1
0.04
1.14
20.7
0.02
16.73
3.42
4.88
1.5
0.1

0.33
52.5
0.09
0.79
21.3
0.01
18.71
2.18
2.94
1.06
0.12

Figure 4.17: 1D Concentration profile from end A to end B of cylindrical region of
interest

4.7 Transmission Kikuchi Diffraction

Transmission STEM images of the conventionally prepared TEM lamellae show
dark Nb-rich particles along grain boundaries in Figure 4.18a and along columnar structure
in Figure 4.18b. TKD indexing shows only (red) phase (ICDD 01-004-0850) with some
Fe2Nb Laves (green) phase (ICDD 04-004-7304). Darker regions noted in Figure 4.18 that
only index as phase may be supersaturated regions of Nb or particles that are below the
spatial resolution for this anaylsis. The detected Laves phase makes up a very small
percentage <1% of the total area in the selected regions in Figure 4.19 and Figure 4.20.

Figure 4.18: Transmission STEM images of as-build microstructure a) build plane b)
build direction

Figure 4.19: Green indexes for Laves Phase (ICDD 04-004-7304) in the build plane

Figure 4.20: Green indexes for Laves Phase (ICDD 04-004-7304) in the build direction

Table 4.9: Indexed Laves Summary
Region
Fig 34a (Cellular)
Fig 34b (Columnar)

Image Area
( 2)
2.09
7.43

Phase Area%
0.622
0.813

Smallest Detectable
Particle Area (nm^2)
600
44

CHAPTER 5

DISCUSSION

The DTA technique provides information on a small representative sample of the
bulk material of a selected specimen and is not specific to one region or surface. Although
this technique has a much higher sensitivity compared to others, the kinetics of dissolution
and formation require careful selection of the heating and cooling rates to capture the
transformations. For phases with sluggish kinetics, such as IN718, it can be difficult to
detect the presence of a particular phase
In the as-deposited samples, the DTA heating scans in Figure 4.1 showed
endothermic peaks for the dissolution of Laves and carbides in addition to the liquidus
critical temperature. During cooling scans in Figure 4.2, these carbides reformed around
1260°C, shortly after reaching solidus temperatures. The Laves phase dissociation was
only observed in the as-build specimen during heating and did not reform during the rapid
cooling cycle. Formation of Laves in castings is reported to be suppressed by rapid cooling
[36]. Given the reported rapid solidification rate, 105 to 108 C/s [89],[90] in L-PBF AM
processing, the formation of Laves would not be expected in these samples.

cooling in analysis of the as-built specimens. Either the volume fraction of these phases is

below the detection limit or they are not present within the small specimen sample. With

form during lower temperature aging, their absence is also expected.
BAM XRD scans shown in Figure 4.3 and Figure 4.4 for one of the as-build

broadening of the of the Ni peak at 51 deg, characterized by the full width half maximum
(FWHM = 0.54 deg) is either due to a fine grain size or overlap with other minor phases.
Due to the similar FCC structure of the ,
to overlap. The ratio of the heights of the intensities for all Ni peaks are consistent with
the intensities given in the ICDD PDF documentation as the specimen was rotated during
scans to minimize texture effects. Slow scanning speeds were used to provide more
accurate results for the detection of minor phases. CCDC XRD scans shown in Figure 4.5
of a different asassociated with the Laves phase are not present and scanning range does not extend to areas
where carbide peaks are expected. Since grain size as well as overlapping peaks can
influence the FWHM value, it maybe that the second XRD sample was from a larger
grained region of the as-built sample. Since the specimens were sectioned from two
different locations, the differences noted in the XRD could be attributed inhomogeneity
within the build.
SEM images of the as-build microstructure display bright Nb enriched intergranular
regions. Elemental mapping of a selected cellular region in Figure 4.11 and Figure 4.12
shows particles enriched with Nb, Al, and Ti, but depleted with elements Cr, Fe, and Ni.
Based on the spherical morphology and elemental composition, these are assumed to be

carbides. A large Al enriched particle located within the center of the grain has an Al:O
ratio of approximately 2:3 and is believed to be alumina (Al2O3). A larger Nb enriched
particle located at a triple point also contains Cr, Fe, Ni, and Ti. Further spatial analysis is
needed to quantify if these areas contain crystalline phases or if they are just supersaturated
regions of Nb. To obtain higher resolution images of these 40 to 60 nm regions, TEM
images were used. EDS line scans in the TEM seen in Figure 4.14 show a Ni:Nb atomic
ratio of 3:1, which would correspond to the

phase. Frequently in literature,

phase is

identified as having a needle or plate-like morphology at temperatures up to 930°C
[91],[92]. However, it can also appear in a globular form at temperatures closer to the
solvus temperature of 1040 °C [91].
EDS spot analysis seen in Figure 4.15 on particles 1, 2, and 3 along grain
boundaries have a Ni:Nb atomic ratio of 2.66, 3.50, and 3.60, respectively. Elemental
composition is given in literature for selected particles for cast and wrought materials
[29],[88],[93],[94]. The range of these values are similar for the
eutectics.
Reported studies have shown needle-

precipitates surrounding Laves islands

in as-cast grain boundaries [80]. Because the structure of the Nb rich region was too fine
to be seen in TEM images, APT was used to further explore the structure. Preliminary
results of APT specimens show elemental composition that is within the range of nominal
composition. The needles likely contain areas of matrix and Nb-rich regions, so further
analysis on isosurfaces is needed. The presence of phases in these reconstructions is not
clear, however, there is evidence of supersaturated regions of Nb in Figure 4.16.

Kikuchi patterns from the TKD specimen in Figure 4.19 and Figure 4.20 matched
with the Laves diffraction patterns. As seen in the STEM microstructure, there are dark
particles surrounding the Laves that are heavily saturated with Nb. Identifying these

investigation into the lowest possible volume fraction that is detectable. The smallest
indexed Laves phase, 7nm in diameter, can be observed in Figure 4.19b. The particle is
assumed to be spherical in morphology, so its depth is equal to its lateral diameter. The
thickness of this specimen is assumed to fall within the range of 10 to 50nm.
Table 5.1 gives a summary of the evidence given for presence of minor phases in
as-build microstructure. It is apparent that certain phases are detected in all experimental
procedures. This inconsistency is attributed to a non-homogeneous distribution of phases.
Table 5.1: Evidence of Minor Phases in Results
Phase

DTA

XRD

EDS
Mapping

X (CCDC and
BAM)

EDS Spot
Analysis
Ni:Nb ratio of

TKD

phase
Laves
carbides

Al2O3

X
X

X (BAM only)
X (BAM only)

X
Spherical
particles in
SEM are
most likely
carbides
Al:O ratio of 2:3
suggest presence
of alumina

CHAPTER 6
SUMMARY
The following summary can be made pertaining to the solidification behavior and
inhomogeneity of phase distribution in SLM IN718 in this study.

1. In this study, typical SLM IN718 microstructure is observed in as-build
specimens. SEM images show cellular dendrites in the build plane and columnar
structures along the build direction. Segregation of Nb from the matrix occurs in
the interdendritic regions.

2. The cooling rate is known to vary along the build direction during AM
processing. Changes in dendritic widths and precipitate percentages along build
direction have been observed in reported studies. Formation of solidification
phases, such as Laves and carbides, are more favorable in regions with lower
cooling rates.

3. DTA has the highest sensitivity for detecting minor phases. In the as-built
specimens only the equilibrium solidification phases were observed. Endothermic

peaks at 1176°C and 1295°C correlate with the dissolution of Laves and carbides,
respectively. Other solidification phases, such as the observed in XRD may not
be observed due to small volume fraction or too fast of a scanning speed.

4.
the other. This suggests in-homogeneity
with AM builds.

5. EDS elemental line analysis on spherical particle in grain boundaries show atomic
ratio of approximately 3:1 for Ni and Nb. These particles could be characterized
phology is formed at relatively higher
temperatures.

6. Spot analysis from particles found in the grain boundaries have Ni:Nb atomic
ratios that are approximately 3:1. One particle with an Al:O atomic ratio of 2:3 is
identified as Al2O3. Oxide particles have been reported to act as nucleation sites
for other minor phases.

7. APT reconstructions show segregation of Nb, Mo, and Ti. This is consistent with
elemental mapping along grain boundaries. As only elemental information is
obtained in APT, the phases cannot be confirmed.

8. The Laves phase was indexed using TKD analysis with an area fraction of 0.6%
to 0.8%
phases are either not present or below spatial resolution for analysis.

9. Detection of phases is highly dependent on their volume fraction within an area.
Solidification phases are observed in some experimental analyses but absent in
others. This suggests a non-homogeneous distribution of solidification phases in
as-build microstructure. Expected phases are present in the as-built specimen,
however their non-homogenous distribution of minor amounts makes it difficult
to fully characterize.
10. It is challenging to describe the microscopic spatial distribution of phases in a
material. An alternative is the focus on properties and behaviors of each
individual phase and integrate them to describe the behaviors of the overall
material

CHAPTER 7

FUTURE WORK

The current study has provided evidence of varying solidification phases in
randomly chosen specimens. Interpretation of data suggest that there is a nonhomogeneous distribution of these phases along the build, however, the exact location of
these specimens relative to the build height is not known. The next step in this investigation
would be to repeat experimental procedures with specimens sectioned off at known
locations along the build height. Results can verify that the identification of existing phases
may vary in areas with higher and lower cooling rates.
Knowledge of thermal behavior for AM processes allows for the prediction of asbuild microstructure for varying starting parameters. Systematic modeling software such
as CALPHAD for SLM processing for nickel-based alloys could potentially predict the
probability of phase formation within each layer of re-melted and re-solidified material.
This model should consider the varying cooling rates which influence dendritic formation
and elemental segregation. Experimental results listed in the previous paragraph can be
used to verify these computational results.
An improved understanding of the as-built microstructure of L-PBF can also be
used in optimizing heat treatments.
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